Background: To investigate the issue of timing of radiation therapy (RT) after lumpectomy in relation to recurrences and outcome.
Breast-conserving therapy (BCT) is seen as the first choice treatment modality in early-stage breast cancer. Although there is a common understanding that delay in starting the radiation therapy (RT) in BCT may reduce the probability of local control, the optimum time interval between lumpectomy and RT has not been established. Delays of 48-12 weeks after surgery are still linked to increased risk of local recurrence (Huang et al, 2003; Tsoutsou et al, 2009) . No phase III studies evaluating the relevance of the time interval from the lumpectomy to the start of RT have been done.
In most observational studies, local control was the main end point. When looking for the optimum time interval, however, we not only have to take account of the probability of developing local recurrent disease, but also the probability of developing distant metastases and the breast cancer-specific and overall survival.
In 2006, we published our study on 'timing of radiotherapy and survival benefit in breast cancer' (Jobsen et al, 2006) . We noted a significant adverse effect of earlier timing of RT on the probability of developing distant metastases. That study generated the hypothesis that delaying the start of RT might have a beneficial effect on survival.
We are aware that at present most women get adjuvant systemic therapy, because of extensiveness of the indications. Irrespective of adjuvant therapy, the question remains when to start the RT after lumpectomy. To get an insight in the timing between two treatments, would best be solved by comparing those two treatments without the bias of other treatments.
In this study, we investigated the issue of timing of RT after lumpectomy in a better-defined, more homogeneous cohort. We will try to refine the hypothesis 'a longer time interval before starting RT after lumpectomy results in an improved distant metastasis-free survival (DMFS) and survival'.
PATIENTS AND METHODS
We used information from our prospective longitudinal cohort of patients diagnosed with invasive breast cancer in the TwenteAchterhoek region between 1983 and 2008 and treated with BCT. A total of 3585 BCT were registered with invasive breast cancer. All patient data, including demographics, pathology, staging information, treatment, and outcome were recorded and updated regularly. Patients were classified according to the TNM-classification, seventh edition. An extensive description of this cohort has been described elsewhere (Jobsen et al, 2006) .
We defined bilateral breast cancer (BBC) as cancer diagnosed in both breasts simultaneously or within a period of 3 months of diagnosis of the first tumour. Metachroneous contra lateral breast cancer (CBC) was defined as breast cancer occurring in the contra lateral breast 43 months after the diagnosis of the tumour in the first breast affected.
The cutoff date for analysis of this study was March 2012.
Selection of patients.
In an attempt to reduce any bias in prognostic factors and different adjuvant treatments, we created a homogenous group with respect to treatment and nodal status. Only node-negative patients were selected, leaving 2523 BCT. All patients had their breast RT followed by an external boost. Patients without a boost, those having a peroperative iridiumimplant, or those treated according to a phase III trial, and patients with BBC were excluded, leaving 2283 BCT in 2223 women.
Subsequently 390 patients receiving any form of adjuvant systemic therapy were identified.
During the study period guidelines for administering adjuvant systemic therapy in breast cancer have changed. In the early years, the number of tumour-positive axillary lymph nodes was the only indication. Later on not only positive lymph nodes but also large tumour size, high malignancy grade, and young age were of importance. Also the type of chemotherapy and hormone therapy, alone or in combination changed. Hence, over the period of the study, tumour characteristics as well as patient's characteristics of our cohort became more favourable. Between 1983 and 1990 0.8% of the 2283 node-negative BCT received adjuvant systemic therapy, 2.1% between 1991 and 1996 , 26.2% between 1997 and 2002 , and 33.0% between 2003 and 2008 .
Having a hormone-positive status was and is no standard indication for adjuvant hormone treatment.
Before 1996, malignancy grading was not routinely reported. Therefore, in order to obtain a homogenous cohort containing optimal comparable subgroups, we restricted the analyses to the inclusion period from 1996 through 2008, all patients are nodenegative and without any adjuvant systemic therapy, resulting in 1114 BCT's in 1075 women. The difference between BCT and women is due to those with CBC treated with BCT.
Treatment. Breast-conserving therapy is defined as lumpectomy followed by irradiation of the whole breast with a boost to the primary tumour area. The lumpectomy was accompanied by axillary clearance of levels I-III and since 2000 sentinel node procedures were standard of care. The radiotherapy regimen consisted of 50 Gy to the whole breast, delivered in 2 Gy fractions five times a week by a tangential field technique. This was followed by a boost of 14 Gy to the primary tumour bed, in 2 Gy fractions five times a week, using either external photon or electron beam therapy. The boost dose was the same in all patients, regardless of margin status.
Definition of timing. During the whole period of this cohort, no guidelines or protocols with respect to the start of the RT were used in treating patients after their lumpectomy. After referral of the patients to our department by the surgeon they were scheduled for treatment. Reasons for the delay in starting RT were related to the variability of time intervals between lumpectomy and axillary dissection, for example, because of a re-excision after lumpectomy, postoperative wound-healing complications, delay in referral to our department, and a waiting list for starting the irradiation. No selection in starting RT was made on any known prognostic factor. Lumpectomy-axillary dissection delay was used as a variable in the analysis.
Timing of RT was defined by the number of days from lumpectomy till start of irradiation. The time-span ranged from 12 to 197 days after lumpectomy. To exclude the extreme time intervals (n ¼ 7), we restricted the maximum time till 16 weeks (112 days) after lumpectomy.
This resulted in 1107 BCT with 1070 women for analysis. Owing to the total number, patients were categorised into three groups with respect to timing of RT, according to tertiles: o45 days, 45-56 days, and 57-112 days.
Statistical methods. Time to recurrence and length of follow-up were calculated from the start of BCT. To test between-group differences for categorical data w 2 tests were used, and these analyses with regard to local recurrences were performed in relation to the number of BCT. The local recurrence-free survival (LRFS) is defined as survival without local recurrence.
Survival statistics were performed in relation to the number of patients and calculated by the method of Kaplan and Meier. The disease-specific survival (DSS), corrected for intercurrent death, was also calculated in relation to the number of patients. This means that patients who died of other causes were censored at the date of death. The DMFS is defined as survival without distant metastasis in patients.
For comparison of survival distributions the log-rank test was used.
The Cox proportional hazards model was used to test for the independent effect of timing of RT after adjusting for known prognostic factors and hazard ratios (HRs) estimated with 95% confidence limits are presented. A test for trend across the three ordered tertiles was performed. The tertile with the shortest time interval, o45 days, was the referent group.
All analyses were performed using STATA (Stata/SE 12.1 for Windows; Stata Press, College Station, TX, USA; Stata Corporation, 2011).
RESULTS
The median number of days from lumpectomy till start of irradiation was 50 (interquartile range 41.5-62 days). The followup ranged from 5 to 191 months with a median of 94 months.
The tumour and patients characteristics according to the tertiles are shown in Table 1 . The tertiles showed a significant difference for age, histology, tumour size, re-excision, and difference in time between lumpectomy-axilla dissection.
The median times between lumpectomy and RT for the 1e, 2e, and 3e tertile were 38, 50, and 69 days, respectively.
Local control. During the study period, 49 (4.4%) ipsilateral recurrences were seen. The LRFS showed no relationship with the timing of RT. The 15-year LRFS were 89.3% for the first tertile, 83.0% for the second (HR 1.4; 95% CI 0.7-2.6; P ¼ 0.360), and 46.4% for the third (HR 0.7; 95% CI 0.3-1.6; P ¼ 0.416). Corrected for the significant different patients characteristics as age, re-excision, histology, tumour size, and difference in time between lumpectomy-axilla dissection, timing of RT (Table 1) showed a HR of 2.3 (95% CI 0.6-8.5; P ¼ 0.205) for the second tertile, and a HR of 1.2 (95% CI 0.3-6.4; P ¼ 0.761) for the third tertile compared with the first tertile.
Distant metastasis. The DMFS rates after 15 years in relation to the timing of RT were 79.8% for the first tertile, 88.5% for the second (HR 0.6; 95% CI 0.4-1.1; P ¼ 0.102), and 80% for the third tertile (HR 0.7; 95% CI 0.4-1.1; P ¼ 0.120), respectively (Figure 1) .
Corrected for age, re-excision, histology, tumour size, and difference in time between lumpectomy-axilla dissection, timing of RT (Table 1) showed a HR of 0.5 (95% CI 0.2-1.1; P ¼ 0.116) for the second tertile, and a HR of 0.3 (95% CI 0.1-0.8; P ¼ 0.017) for the third tertile compared with the first tertile (Figure 2) .
The smoothed hazard HRs estimates for distant metastases according to the three tertiles are shown in Figure 3 . The corrected HRs estimates show a clear difference in HRs between the first tertile and the other two, in particular after about 108 months with a steep increase in the HR (Figure 4 ).
Disease-specific survival. The DSS after 15 years in relation to the timing of RT was 85.0% for the first tertile, 88.6% for the second (HR 0.7; 95% CI 0.4-1.4; P ¼ 0.346), and 93.1% for the third tertile (HR 0.6; 95% CI 0.3-1.1; P ¼ 0.107), respectively ( Figure 5 ). Figure 5 . Disease-specific survival for 1107 breast-conserving treatments in 1070 women according to timing of radiotherapy after lumpectomy.
Corrected for age, re-excision, histology, tumour size, and difference in time between lumpectomy-axilla dissection timing of RT showed a HR of 0.3 (95% CI 0.1-1.1; P ¼ 0.077) for the second tertile, and a HR of 0.2 (95% CI 0.04-0.7; P ¼ 0.012) for the third tertile compared with the first tertile.
DISCUSSION
The results of this cohort study further refine the hypothesis that timing of RT in BCT might have an impact on outcome.
By creating a cohort of patients treated only with surgery and RT in BCT, we were able to avoid any bias from other treatments modalities to a great extent. For lymph node-negative breast cancer patients, we noted that an early start of RT might have an adverse effect on the rate of DMFS and DSS. We also showed that an interval time of p112 days had no negative impact on local control.
In forming this cohort, we have tried to avoid any bias, mainly confounding by indication, by including only node-negative cases treated with lumpectomy and RT. All patients were treated according the same radiotherapy regimen in the same institute. All cases received whole breast irradiation followed by a boost to the primary tumour region. However, as with all observational studies it is impossible to exclude the possibility that by chance or subconscious selection, bias could account for the observed results. In this case important differences in age, histological type, timing of surgery of the axilla, and re-excision rates exist. Results were corrected for these items. Re-excision is important for two reasons (a) it inevitably delays the start of RT and (b) in its own right it might be a prognostic factor as tumours with diffuse infiltrating margins are hard to clear at first attempt and might be a surrogate marker for a high-grade tumour and recurrent disease. This might contribute to confounding by indication, meaning that those with the worst prognosis are scheduled for radiation as fast as possible.
We also noticed a difference in re-excisions with a higher rate in the second and third tertiles. The difference can be explained by the adaption of our protocols for re-excision after our paper in 2003 (Jobsen et al, 2003) .
Only with regard to the workout of the radiotherapy, planning and dose distributions significant improvements have been implemented over time. During the time of this study, the standard surgery of the axilla changed. Breast-conserving surgery changed from lumpectomy combined with axilla dissection to lumpectomy followed by sentinel node procedure. Owing to changing surgical protocols timing of the treatment of the axilla was not always at the same time as the lumpectomy, resulting in a difference in time between lumpectomy and axilla. This resulted a longer time between lumpectomy and starting RT for different patients. This was in particularly in the period between 1998 and 2002.
In 2008, Chen et al published a systemic review on the relationship between waiting time for RT and clinical outcome. They also looked at the impact on local control in breast cancer, treated with BCT, and without adjuvant chemotherapy. They included four separate studies and concluded that the relative risk was 1.11. Our study from 2006 was not included although it met all inclusion criteria as mentioned in the paper. Looking at the four included studies, in the large study by Froud et al (2000) with 1962 patients 34.5% of the patients received adjuvant hormonal therapy, which might have influenced outcome. Another study from Whelan et al (1996) was presented only as an abstract. Only the study from Vujovic et al (1998) seems to deal with a homogenous group of 568 patients. In this study, only patients with lymph node-negative cancers treated without adjuvant systemic therapy were included. They did not notice any influence on local control of RT administered till 12 weeks after surgery.
Herbert-Croteau et al (2004) looked at the effect of delay in RT on local control and survival in 1062 patients, node negative, of whom 54% received adjuvant hormonal therapy and 20.4% adjuvant chemotherapy. This makes it hard to look at the impact of timing of RT on outcome in their study. Froud et al (2000) did not find a difference in systemic relapses of RT administered up to 12 weeks after surgery, but again 34.5% patients received adjuvant hormonal therapy. Vujovic et al (1998) did not show a significant difference in disease-free survival between the different surgeryradiotherapy intervals.
In a review article, Tsoutsou et al (2009) looked at the optimal timing for adjuvant RT in breast cancer. Looking at the different studies involved in this review, we notice a diversity of treatments, and patients groups. In our opinion it is not possible to extract an optimal timing of RT in BCT or after mastectomy, with different groups of patients.
Our study supports the suggestion that delaying the start of the RT decreased the distant metastases rate and increased the DSS. The optimum delay has to be established, but seems to be 445 days from the results of this study.
The possible explanations for the effect of timing we found on distant metastasis and survival is intriguing and only scarce data are available in the literature. This study showed a worse DMFS for those having their RT early. It also showed in the hazard estimates a clear difference, not only in HRs, but also in the pattern of the estimates. The uncorrected hazard estimates shows a first peak at about 36-48 months, which is quite similar across all three tertiles, and only differs in the size of the HRs. The second peak differs for the tertiles; in contrast to the second tertile with a decrease followed with a slight increase at about 108 months, the first and third tertile show a steep increase. When we look at the corrected estimates the first tertile is not only different in HRs, but also in pattern, with a clear first and second peak compared with the other two. The same is noted for the DSS.
For the answer we have to look at it from two sides. First, this might be caused by confounding factors as age, and other prognostic factors. With respect to the latter we showed that the probability of confounding by indication have been minimised, but cannot be exclude completely. Another probability would be that starting RT too early has an adverse effect on distant metastases.
In 1991, Von Essen published a review on radiation-induced enhancement of metastasis. They concluded that the preclinical evidence for metastasis enhancement by local tumour irradiation suggests two mechanisms: (1) a radiation-induced growth delay mediated by stromal and/or tumour cell damage permitting a constant rate of escape of tumour cells; (2) vascular damage permits an increased rate of escape of tumour cells. Taking into consideration the damage caused by surgery, the immediate following of RT might enhance this damage. Waiting after the surgery might theoretically enable the enhancement of repair of this damage, and might result in a lesser vascular damage and hence less tumour cells.
Angiogenesis has been shown to be essential for the growth and survival of solid tumours and their metastases (Folkman, 1989) . Hartford et al (2000) showed that irradiation of a tumour may enhance angiogenic suppression of a tumour deposit at a distal site.
In contrast, Camphausen et al (2001) showed in their study that RT to a primary tumour, analogous to its removal, is followed by the explosive growth of the previously dormant metastatic cells. They suggested that RT might have a complex effect on angiogenesis at a local site as well as a systemic effect.
In a review on the natural history of breast cancer and the punctuated evolution of conceptual models, to explain its behaviour Baum et al (2005) postulated a new model to explain the natural history of the disease. The new model is based on the concept of tumour dormancy/latency, both in the preclinical phase within the breast and later with the micro metastases that seed in the early phase of the natural history of the disease, once the primary focus has developed its own microvasculature.
The latter remain dormant until some signal; perhaps the act of surgery or other adverse life events stimulates them into fast growth. The model suggests that the metastatic development of unperturbed breast cancer is a sequential evolution from a non-proliferative to a proliferative state and from a non-angiogenic to an angiogenic state, with stochastic transitions from one state to the next.
One could argue that the growth of previously dormant metastases by enhanced angiogenesis is triggered by the surgery. This study suggests that radiotherapy might also have a role in this process. Baum et al (2005) suggested that one explanation would be that although the number of metastases that are seeded by the primary tumour would be linearly related to the tumour size and biological aggressiveness, the clinical appearance of metastases is triggered or accelerated only after the primary tumour has been disturbed or removed. The rapid start of the RT might increase possible stimulating factors or reduce inhibiting factors resulting in a longer or enhanced effect of the surgery on the dormant condition.
The above-mentioned theories might explain the differences in HRs at the first peak for the tertiles, but do they also explain the late second steep peak?
What is the relevance of our study? The relevance is that timing of RT in BCT seems to have an impact on distant metastasis and survival. This study suggests that a randomised trial in timing of RT in BCT seems necessary to give a definite answer, only ethical considerations might prevent such a study. If confirmed it might have major implications not only on outcome, but also on treatment strategy. Another possibility is to do large retrospective cohort studies, comparing the timing of these two treatments. Many studies nowadays look at the sequence of therapies in the treatment of breast cancer. In our opinion, it might be more interesting to look for the optimum time of any therapy in relation to another. Having these answers it might be easier and more effective to define an optimal sequence of therapies, in which the patient gets the best result in relation to outcome. For example, we should not lose the positive effect of any adjuvant therapy because of a possible loss of a bad timing of RT.
